Abstract: This study examines the compatibilization of the polyetherimide Ultem 1000 with the thermotropic liquid crystalline polymer Vectra A 950 by using an epoxy resin (PKFE) as compatibilizer. IR spectroscopy and electron-microscopic morphological analysis indicate the grafting of PKFE molecules on fibrillar domains of Vectra during melt mixing. Moreover, morphological analysis shows that the addition of PKFE improves the dispersion and decreases the size of Vectra fibrils. Both Vectra and PKFE significantly reduce the glass transition temperature of Ultem in ternary blends. The tensile modulus and the ultimate strength of the blends are improved with respect to those of neat Ultem. However, the final materials are very fragile. The roles of Vectra and PKFE are discussed.
Introduction
An increasing number of researchers are involved in investigations dealing with the blending of two or more polymers in order to obtain new materials with combined properties. Blends in which one of the components is a thermotropic liquid-crystalline polymer (TLCP) have attracted great attention, due to the peculiarity of TLCPs, which show very low melt viscosity, good mechanical properties and high chemical resistance [1] [2] [3] [4] [5] [6] [7] .
The low melt viscosity of TLCPs can reduce the overall viscosity of the blend, aiding the processing. Moreover, under appropriate processing conditions [8, 9] , liquidcrystalline polymers can develop a fibrillar morphology with a high degree of orientation and originate in situ composites, where fibrous reinforcement can be formed directly during processing, as a consequence of their easy orientability and long molecular relaxation times [10] [11] [12] [13] [14] [15] [16] [17] . Extensional flow rather than shear flow is preferred for the formation of the fibrillar phase. Additionally, to obtain fibrils of large aspect ratio, a proper concentration of TLCP is compelled together with a proper value of the viscosity ratio between TLCP and thermoplastics [8, 9, 14, 17, 18] . Excellent mechanical properties have been achieved for blends of thermoplastics and LCPs when partial miscibility exists and, in some cases, also when they are not miscible or compatible [19] [20] [21] .
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In principle, the presence of microfibrils by itself does not assure that high performances will be achieved. This can arise from the weak extensional flow realized in the equipment during processing, which deforms droplets in fibre-shaped domains with very little molecular orientation [22] . Moreover, previous works demonstrated that morphology and mechanical properties of in situ composites are affected by poor adhesion between the matrix and the TLCP [17, 23] . Therefore, several routes were followed to improve compatibility, by modifying the TLCP fibre geometry, by chemical grafting of flexible polymer onto the TLCP fibre surface, by interchain reactions between the liquid-crystalline and the thermoplastic components, and by adding a second liquid-crystalline polymer partially miscible with both the reinforcing TLCP and the matrix [14, [24] [25] [26] [27] [28] .
Our study deals with the blending of two commercial high-performance polymers: a polyetherimide (PEI) acting as the matrix and a liquid crystalline copolyester working as the reinforcing agent. The PEI exhibits two disadvantages: low resistance to chemicals and high processing temperatures; furthermore, during processing of glass-filled composites, its high melt viscosity can cause fibre-breakage. These problems and the wearing of equipments can be obviated by using a TLCP as substitute of glass fibres.
Many interesting papers have been published on binary blends of polyetherimides and thermotropic liquid crystalline polymers, where morphology-rheology relationships, conditions to develop TLCP fibrillar morphology and the processability of polyetherimides were studied [17, 18, 22, [29] [30] [31] . Very few papers have focused their attention on the possibility to compatibilize the two polymers. More recently, some results claim a better interfacial adhesion of PEI and a TLCP (copoly(oxybenzoatenaphthalate) by adding a second liquid crystalline polymer (copoly(p-oxybenzoateethylene terephthalate)), partially miscible with both the blend components [27] . Moreover, an ad hoc synthesized polyesterimide, similar to PEI but bearing an ester group instead of the ether one, has also been reported to compatibilize PEI and Vectra B950 (a copolymer based on 6-hydroxy-2-naphthoic acid (60 mol-%), terephthalic acid (20 mol-%) and aminophenol (20 mol-%)) [32, 33] .
The aim of our work is to study the effect of a third component on the interaction between the thermoplastic host matrix, PEI, and the TLCP-based reinforcing agent. To this purpose, the third component was chosen paying attention to the possibility that it could react, in the molten state, with one of the components and, at the same time, that it could be compatible with the second one. An epoxy resin was chosen due to the presence, along its backbone, of secondary hydroxy groups (which, in principle, could react with the carboxyl end groups of the TLCP chains) and to its good adhesive properties towards PEI. In this paper we report the results of the investigation on binary PEI/TLCP, PEI/epoxy resin and ternary PEI/TLCP/epoxy resin blends.
Experimental part

Materials
The polymeric matrix used was a PEI, commercially known as Ultem 1000 (General Electric Plastics). It is an amorphous polymer with a glass transition temperature T g of 217°C and a specific gravity of 1.27 g/cm 3 at 25°C. The reinforcing phase was a liquid crystalline fully aromatic copolyester, consisting of 73 mol-% of 4-hydroxybenzoic acid and 27 mol-% of 6-hydroxy-2-naphthoic acid, Vectra A950 (Ticona); its 2 melting point is 283°C. The epoxy resin was an epichlorohydrin -bisphenol A based polymer, PKFE (PAPHEN). Chemical structures of the repeating units of all the polymers examined are reported in Fig. 1 .
Fig. 1. Chemical structure of repeating units of polymers used
The polymers, before any processing, were vacuum dried under different temperature conditions: Ultem and Vectra at 120°C, PKFE at 75°C for 24 h. The Vectra fraction always ranged from 10 up to 40 wt.-% while the epoxy resin added was 5, 10 and 20 wt.-% with respect to Vectra.
Techniques
Blends were processed in a single screw extruder (GiMac -Italy) with L/D = 22, with a screw speed of 30 rpm. The extruder was equipped with a Ross static mixer, and the temperature of die was 345°C. Dried pellets of the blends fed an injection moulding apparatus, Engel ES200H/80V/50 HL-2F machine, equipped with a cylinder of diameter 15 mm. Operating conditions were: screw speed 40 mm/s, cylinder temperature profiles 390/390/380/300 and 370/370/355/280 for Ultem and blends, respectively, cooling time 15 s, hold pressure 40 bar and holding pressure time 12 s. The mould temperature was set at 150°C. Dog-bone specimens were obtained following ASTM designation D638. All the tests were performed on samples prepared by injection moulding.
Thermal properties of pure materials and blends were tested with a differential scanning calorimeter model TA Instruments 2920. The blends were scanned from room temperature to 350°C with a heating rate of 20 K/min under nitrogen.
The occurrence of in situ reactions was evidenced by dissolving blends in CH 2 Cl 2 (a good solvent for Ultem and PKFE) at room temperature. The insoluble Vectra-based component was separated by centrifugation.
Infrared spectroscopy was performed on both the fractions and the original polymers with a FT-IR spectrometer, model Bruker IFS 66.
The thermal stability of materials was investigated by thermogravimetric tests with a Mettler TGA7. The weight loss of pure components and blends was recorded by heating from 50 to 600°C with a rate of 20 K/min under nitrogen atmosphere.
The morphology of the blends was determined by scanning electron microscopy (SEM) using a Leica Stereoscan 440 at 20 kV accelerating voltage. The observations were carried out on the fracture surfaces of the injection moulded dog-bone specimens, perpendicular to the traction direction, and on compression moulded sheets of 2 mm thickness. All samples were fractured in liquid nitrogen. The surfaces were gold-coated by a sputtering coating unit model AGAR PS3.
Tensile tests were performed with a dynamometer Instron 5565 at room temperature and constant humidity; the crosshead speed was set to 20 mm/min following ISO 527-2 standards. Before the tensile tests all samples were dried in a vacuum oven for at least 24 h at 120°C and held at room temperature in vacuum until used. All the reported results are averages of at least 10 measurements.
Results and discussion
Thermal behaviour
Ultem 1000 is an amorphous material with a T g of about 216°C. Vectra A 950 shows a melting point, T m , around 280°C and a T g of about 100°C. PKFE has a T g of about 95°C.
The DSC thermograms of the binary blends Ultem-Vectra confirm their total incompatibility, keeping the T g of Ultem substantially unchanged with the percentage of added Vectra as evidenced by the common origin of the various curves of Fig. 2 , in agreement with a literature report [17] .
Thermal analysis of binary blends Ultem-PKFE shows that the T g of Ultem 1000 slightly changes with the content of epoxy resin, from 216 to 209°C, suggesting that some interactions between the two components occur (Fig. 2, curve a) . To the contrary, DSC curves of the ternary blends reveal a strong interaction between all the constituents: Ultem's T g is always sharply reduced by changing either the Vectra or the PKFE content (Fig. 2, curves b-d) . In the blend 60/40/8, bearing the highest fraction of Vectra and PKFE, T g of Ultem is 20°C lower than its standard value.
Thermal stability
Thermogravimetric analysis indicates that thermal stability of neat polymers is considerably high; in fact, the temperature T d , where weight loss is in the order of 1%, for the single components ranges from 431°C (PKFE) to 531°C (Ultem). Data of T d concerning neat polymers and blends are reported in Tab. 1.
Thermal stability of Ultem is heavily influenced by the presence of PKFE and, to a minor extent, by Vectra. In the case of ternary blends, a co-operative effect of Vectra and PKFE seems to be responsible for the decreased thermal stability, even if PKFE 4 plays a predominant role; for instance, T d of the blend Ultem/Vectra 60/40 occurs at 486°C, while the blend 60/40/8 degrades at 421°C. However, the degradation temperature is in any case significantly higher than the processing temperature of the blends. 
Infrared spectroscopy
To ascertain the occurrence of chemical reactions between the blend components, an investigation by FT-IR spectroscopy has been carried out on the soluble and insoluble fractions recovered by treating a 50/50 binary blend of PKFE/Vectra with CH 2 Cl 2 , which is a good solvent for PKFE. In fact, although Vectra does not dissolve in any common organic solvent, selective separation of the ternary blends cannot be performed, as, to our knowledge, both Ultem and PKFE are soluble in the same solvents.
PKFE extracted from the 50/50 PKFE/Vectra mixture displays the presence of an absorption band at 1725 cm -1 , which can be ascribed to the stretching of the carbonyl group of Vectra (Fig. 3) . Indeed, no signals are present in this region of the PKFE spectrum (Fig. 3, inset) . Fig. 3 . FT-IR spectrum of PKFE epoxy resin extracted from 50/50 PKFE/Vectra blend Since Vectra is insoluble in CH 2 Cl 2 and, consequently, can be easily separated by centrifugation and, if necessary, by further filtration of the solution, one can assume that some reactions between the epoxy resin and Vectra took place, leading to molecular segments of Vectra grafted onto PKFE chains. The presence of two weak signals at 2850 and 2920 cm -1 , ascribable to the presence of CH 2 and CH groups, in the spectrum of Vectra carefully washed with methylene chloride to remove any residual PKFE, further supports this assumption.
Morphological analysis
SEM analysis of injection moulded Ultem/Vectra blends clearly evidences a biphasic morphology typical of highly incompatible systems, as shown in Fig. 4a , where the Vectra domains of the 90/10 blend appear to be well separated from the host matrix and fibre-like shaped. The extensional field achieved in the injection moulding equipment was sufficient to increase the aspect ratio of the Vectra microdomains and to obtain the desirable fibrillar geometry of the reinforcing agent. Addition of the epoxy resin causes a better dispersion of the Vectra phase in the Ultem matrix, as shown in Fig. 4b for the Ultem/Vectra/PKFE 90/10/2 blend. However, the micrographs do not evidence any improvement of the interphase adhesion. The micrographs of Ultem/Vectra 80/20 and Ultem/Vectra/PKFE 80/20/2 blends, characterized by a larger amount of Vectra and the same overall percentage of PKFE, are reported in Fig. 5a ,b. In spite of the lower PKFE/Vectra ratio a better dispersion of Vectra microdomains is observed. Moreover, the size of the domains and of the empty holes seems to be reduced. These effects could be attributed to the occurrence of interchange reactions between the components during mixing, leading to copolymer chains acting as compatibilizing agents.
These images do not put into evidence the occurrence of interchain reactions between Vectra and PKFE during the mixing, even if transesterification reactions are supported by FT-IR analysis. The fibrillar shape of Vectra domains probably hardens the observation of grafted PKFE. To deepen this aspect, morphological analysis of compression-moulded blends was performed. In fact, it is well known that the morphology of extruded incompatible blends is highly unstable so that, during subsequent compression moulding, any orientation of the dispersed phase realized in the extruder is lost and new, bigger spherical domains are obtained. The addition of 4 phr of PKFE clearly improves adhesion between the matrix and the dispersed phase (Fig. 6b) , with a notable reduction of the voids between Ultem and Vectra particles. This effect can be attributed to PKFE grafted on the surface of Vectra particles, well visible in the figure. The improved adhesion allows maintaining the morphology realized in the extruder, as indicated by the presence of many elongated domains.
Mechanical properties
Data of Young's modulus, ultimate strength and elongation at break of neat Ultem and its blends are reported in Tab. 2. The tensile modulus increases from 3.70 to over 5.85 GPa by adding 20 wt.-% of TLCP. At the same time, a slight increase of the ultimate strength and a dramatic decrease of the elongation at break are induced by the presence of Vectra.
These results indicate the effectiveness of the reinforcing action of the liquidcrystalline polymer, mainly due to the fibrillar morphology obtained during mixing, as already reported in the literature [19] [20] [21] . No significant role seems to be played by PKFE, probably ascribable to the low extent of interchain reactions between the components, which result in an insufficiently improved adhesion. 
Conclusions
As a part of a continuous study to achieve high performance in situ composites, this work aimed to compatibilize a polyetherimide (Ultem 1000) with a thermotropic liquid crystalline polymer (Vectra A 950) by using an epoxy resin (PKFE) as compatibilizer. Ultem and Vectra are completely incompatible, while weak interactions are established between Ultem and PKFE, since 2 phr of PKFE are enough to achieve the maximum reduction of Ultem's T g . In the case of ternary blends, a clear cooperative action of Vectra and PKFE on decreasing Ultem's T g is observed.
FT-IR spectroscopy and morphological analysis indicate the grafting of PKFE molecules on TLCP microfibrils during the melt mixing. Moreover, morphology shows that addition of PKFE improves the dispersion, as it decreases the size of Vectra microdomains. The grafting might occur through several routes (Scheme 1): reactions of pendant OH and epoxy end groups of PKFE with carboxyl end groups of TLCP, and transesterification of the aforementioned OH groups with the inner ester groups of TLCP. Moreover, taking into account the reactivity of the imide group of Ultem, reaction of Scheme 2 should also be considered. However, our experimental procedure did not allow evidencing the occurrence of such reaction.
The fibrillar-shaped microdomains of the liquid-crystalline polymer, obtained during mixing and injection moulding, justify the improvement of tensile modulus and ultimate strength of the blends. However, the final materials are very fragile as a consequence of the poor adhesion between matrix and Vectra fibrils, probably due to the relatively small amount of PKFE grafted onto Vectra domains achieved in the present study. Indeed, the number of these domains is much higher and their size smaller when PKFE is present, leading to a higher dispersion of the Vectra component. Therefore, to optimize the adhesion between matrix and dispersed phase and minimize the fragile behaviour, the extent of grafting of PKFE under processing conditions must be increased, either by a better mixing or by the action of suitable catalysts. To this purpose further studies are needed. 
